We report on the first demonstration of passive all-optical plasma lensing using a two-stage setup. An intense femtosecond laser accelerates electrons in a laser wakefield accelerator (LWFA) to 100 MeV over millimeter length scales. By adding a second gas target behind the initial LWFA stage we introduce a robust and independently tunable plasma lens. We observe a density dependent reduction of the LWFA electron beam divergence from an initial value of 2.3 mrad, down to 1.4 mrad (rms), when the plasma lens is in operation. Such a plasma lens provides a simple and compact approach for divergence reduction well matched to the mm-scale length of the LWFA accelerator. The focusing forces are provided solely by the plasma and driven by the bunch itself only, making this a highly useful and conceptually new approach to electron beam focusing. Possible applications of this lens are not limited to laser plasma accelerators. Since no active driver is needed the passive plasma lens is also suited for high repetition rate focusing of electron bunches. Its understanding is also required for modeling the evolution of the driving particle bunch in particle driven wake field acceleration.
I. INTRODUCTION
Linear accelerators reaching energies in the range of hundreds of MeV to GeV are typically large devices, their size determined by accelerating fields in the range of tens of MeV=m. Focusing optics for these devices have been developed to high standards and operate on commensurate length scales. Alternatively, plasmas can support extremely large electric fields, which, for the common conditions of laser driven wakefield accelerators (LWFA), are typically in the range of hundreds of GV=m [1] [2] [3] . Consequently extremely compact particle acceleration structures are possible leading to acceleration energies in excess of GeV taking place over cm length scales [4] . However, transportation, shaping and focusing of accelerated particle beams still require conventional structures such as quadrupole magnets and solenoids which are typically much larger than the wakefield accelerator itself. The divergence of LWFA-generated electron beams is typically on the order of a few mrad [5, 6] and is thus relatively large compared to many radio frequency (rf) cavity based electron beams, although their emittances have comparable values. A similarly compact, sufficiently strong collimating lens would thus be a perfect complement to the laser-wakefield accelerator. A natural route toward such a focusing device would be to exploit the high field strengths in a plasma not only for accelerating but also for focusing the particle bunch. Therefore, plasma lenses have attracted notable interest in the literature because of their ability to provide compact beam collimation/focusing devices for energetic electron beams [7] [8] [9] . These are of particular interest for the rapidly developing field of laser plasma accelerators. However, LWFA beams depart significantly from the parameter range where these devices have previously been considered.
Possible applications of such a compact collimating device include beam shaping for transport or injecting an electron beam into a conventional undulator structure [10] [11] [12] . Others include the generation of dense, femtosecond positron beams [13] or bright, high-energy γ-ray beams [14, 15] as well as enhancing the bunch density for Thomson backscattering sources [16] [17] [18] . Beyond these applications, understanding the plasma lens effect is in many ways important for beam shaping of LWFAgenerated electron bunches after the accelerator stage and also in the context of plasma wakefield accelerators (PWFA): For example, lensing during entry into a plasma can be used to match the transverse size of bunches inside the plasma wave to the focusing force to avoid beam oscillations [19] . The effect of plasma lensing is an integral part of proposed all-optical, hybrid plasma accelerators, in which electron bunches are generated in a LWFA stage and then subsequently used to drive a plasma wave via PWFA in a second stage. One configuration is a driverwitness scenario, which may lead to efficient energy transfer [20] [21] [22] , whilst another especially attractive scenario is the "Trojan Horse" scheme, in which ultrahigh quality electron bunches may be generated via an underdense photocathode process [23] . Controlling the plasma lensing-an effect which is ubiquitous in these schemesis therefore of crucial importance.
The plasma lens effect is typically divided into the overdense (n b ≪ n p ) and the underdense (n b ≫ n p ) regime, where n b and n p denote the electron density in the bunch and the plasma respectively. In the underdense case, the bunch drives a strong plasma wave in the background plasma (even up to the blowout regime [24] ) and the bunch electrons are focused due to the transverse electric fields of the plasma wave. In the overdense regime, the bunch's self-fields create only a small perturbation of the plasma density. In a freely propagating electron beam, the repulsive electric field is largely balanced by the focusing field of the self-generated magnetic field (the electric and magnetic forces of a bunch propagating through vacuum cancel out exactly in the limit of v ¼ c). In the overdense regime the focusing force results from the plasma shielding the repulsive electric field of the bunch, leaving a net focusing force due to the magnetic field which pinches the bunch [25] .
The plasma lens effect [26] has been experimentally demonstrated in the overdense regime [7, [27] [28] [29] [30] for low-energy (<50 MeV), low-density bunches and plasma densities in the range of 10 11 -10 13 cm −3 . In these experiments, the electron bunches were created by using rf accelerators and therefore the bunch duration was in the range of 10 picoseconds or longer. Here we present experimental data of passive lensing for electron bunches with a pulse duration which is around three orders of magnitude shorter than previously reported (6 fs of LWFA electron bunches reported by [31] ).
We report the first demonstration of passive plasma focusing of a laser wakefield accelerated electron bunch resulting in an ultracompact, all-optical setup (in which the plasma lens is ionized using the LWFA driving laser).
"Passive" in this context means that the bunch self-focuses during its propagation through the plasma in contrast to an "active" plasma lens [32, 33] , where the fields of a pregenerated plasma structure-typically another wakefield, that is not driven by the bunch itself-focus the bunch, as recently demonstrated in [34] . With the passive plasma lens, described here, it is thus possible to focus an isolated electron bunch using a sufficiently dense plasma.
II. EXPERIMENT
The experiment presented here was conducted at the JETI 40 Ti:sapphire laser system at the University of Jena, delivering τ ¼ 28 fs pulses at a central wavelength λ 0 ¼ 800 nm with E ¼ 650 mJ on target. The laser pulses were focused by an f=12 off-axis parabolic mirror to a spot size of 120 μm 2 (FWHM), resulting in a vacuum peak normalized amplitude of
The laser focus was aligned to the entrance aperture of a z C ¼ 2.5 mm long gas cell (acceleration stage) as shown in Fig. 1 . The gas was a 95% He, 5% N 2 mixture in order to make use of ionization injection [35] [36] [37] [38] [39] [40] . The optimal electron density for acceleration within the cell was measured to be n e;LWFA ¼ ð1.0 AE 0.25Þ × 10 19 cm −3 using interferometry. The density was cross checked by measuring the plasma wavelength by transverse optical probing [41] . Typical electron spectra for our laser and plasma conditions show an energy between 100 and 150 MeV and an energy spread down to <20 MeV with a total charge of up to a few pC. Electrons were only observed when using gas mixtures and not observed when using pure helium, indicating that all electrons were injected by ionisation injection. The laser intensity was adjusted to operate close to the injection threshold: The electron signal vanishes FIG. 1. Photograph of the experimental setup: the laser pulse, incident from the left, drives an LWFA stage in a mixed-species gas cell, and the generated electron beam expands in vacuum according to its divergence. If the second gas jet is turned on, the transmitted diverging laser pulse (θ div ≈ 80 mrad) preionizes the H 2 gas and the trailing electron beam (θ div ≈ 2.5 mrad) experiences plasma lensing, which reduces the divergence substantially as observed on a scintillation screen (Figs. 2(a) and 2(b)).
completely with a 10% reduction of laser energy making injection into any period other than the first wakefield period unlikely, thus constraining the temporal structure of the electron pulse to a single bunch. This is also supported by the elongation of the beam profile in polarization direction as it was shown by Mangles et al. [39] . After the acceleration stage, the laser propagated for a variable distance L g in vacuum before it traversed a supersonic H 2 gas jet (lensing stage) of 2.5 mm length.
During the LWFA process, the laser's group velocity is reduced due to plasma dispersion and the electrons are being trapped in the plasma wake behind the laser pulse. The laser is still ahead of the electrons when it propagates through the second jet and ionizes the H 2 gas. Hence, the electron bunch interacts with a preformed plasma in the lensing stage. For gap lengths (L g ) between the LWFA stage and the lensing stage ranging from 8 mm to 24 mm, ionization of H2 was clearly observed over the full length of the supersonic gas jet (2.5 mm) imaged using transverse optical probing. In contrast, ionization of pure He was not observed at any gap length, setting tight limits on the laser intensity in the gas jet.
We can therefore estimate an upper and lower bound for the laser intensity at the lensing stage. Using the Ammosov-Delone-Krainov (ADK) ionization rates [42] and assuming an ionization rate of 0.5=fs, an upper bound of I < 1.75 × 10 15 W=cm 2 is found for L g ¼ 8.75 mm and a lower bound of I > 2.25 × 10 14 W=cm 2 is estimated at L g ¼ 24 mm. This is in good agreement with the experimental conditions: Since the laser was guided with a matched spot size [24] , we can assume that the divergence of the laser at the exit of the gas cell is similar to the focusing angle (f=12). Consequently the intensity will drop to ≈1=2000 (L g ¼ 8.75 mm) or ≈1=13000 (L g ¼ 24 mm) compared to the intensity at the gas cell exit. Assuming a transmission of ≈30% the calculation matches the observed results. Note that this is a simplified approximation since the pulse becomes temporally compressed during its propagation in the gas cell [43] . It is likely, that the plasma gradient at the end of the gas cell reduces the laser's divergence, thus leaving a wider margin for the transmission.
The electron beam profile was measured both with and without the lensing stage using a scintillation screen at z ¼ 57 cm after the position of the laser's vacuum focus. The multishot, averaged beam profiles recorded with this arrangement are shown in Figs. 2(a) and 2(b). The averages were obtained by aligning each image to the center of the electron beam for each laser shot before summing the images. The profile shown here is therefore only dependent on the beam divergence and is insensitive to shot-to-shot pointing fluctuations (4 mrad rms). The solid angle covered by the electron beam was calculated by fitting a 2D Gaussian distribution to the beam profile and calculating the solid angle based on its standard deviation ellipse. in the lensing stage. The dependence of the electron beam's solid angle on the plasma density in the lensing stage is shown in Fig. 3 . It can be seen that increasing the plasma density in the lensing stage leads to a rapid reduction in solid angle of the accelerated electrons (blue). This is in agreement with a commensurate increase in the beam fluence recorded on the scintillation screen (red). For higher densities beyond 6 × 10 18 cm −3 , the beam divergence continues to reduce more slowly, the beam intensity saturates, and the bunch charge in the central profile appears to reduce to 75% on average.
A single shot evaluation of the data set using the same methodology is shown in Fig. 4 . Each dot represents a The solid angle decreases on average by a fixed factor due to the influence of the plasma lens, corresponding to a change in the gradient of the best fit. The slight reduction of the bunch charge (the charge within the standard deviation ellipse) to 75% on average is also visible as an increased number of shots at lower charge along the black line. Please note that this is not equivalent to a loss of total charge. In conclusion, the experimental results show that the electron bunch is focused in the second gas jet.
We want to stress that active plasma lensing can be excluded for our experimental conditions. This is due to the fact that the intensity of the laser in the second gas jet is too low to drive a wake field. The intensity can be estimated to be even lower than I < 1.7 × 10 15 W=cm 2 (a 0 < 0.029) as we were not able to ionize Helium in the second jet. The maximum plasma wake amplitude, which can be driven by such a transmitted and diverged laser pulse, is Δn n ¼ a 2 0 < 10 −3 . This is much smaller than the amplitude of wake fields used for active focusing [34] . Furthermore, the laser has already significantly diverged when entering the second gas stage while the electron bunch remains much more collimated. Accordingly, the laser can be considered as a plane wave on the scale of the transverse electron bunch size. However, a plane wave can only induce longitudinal fields in the plasma due to symmetry. Since transverse fields are required for focusing, the effect of focusing is due to the reaction of the plasma to the charge of the electron bunch. To confirm this conclusion, we performed 3D particle-in-cell (PIC) simulations using the EPOCH3D [44] v4.3.7 code showing that the electron beam is self-focused while passing through a plasma without the aid of a laser driven plasma wake (passive lensing). The simulation parameters were adjusted to match the experimental conditions to our best knowledge. We set up a ¼ 160 and a rms length of σ x ¼ 2 μm and an rms width of σ y;z ¼ 5 μm carrying a total charge of Q ¼ 9 pC sampled by 2 × 10 6 macro particles of variable weights. The transverse temperature of the bunch was adjusted such that its initial divergence matches the divergence measured in the experiment (16 μsr). These bunch parameters lead to a normalized emittance ϵ N ≈ 1.9 mm mrad which is within the range of reported emittances, e.g., in Sears et al. [5] who reported a normalized emittance of 2.3π mm mrad for LWFA electrons or Brunetti et al. [6] reporting 2.2π mm mrad on average, 1.1π mm mrad at best. Throughout the simulation, the bunch was kept centered within the box by moving the simulation box along with the bunch. The simulation results are shown in Figs. 2(c) and 2(d). We note that we used exactly the same fitting routine to deduce the electron beam divergence from the PIC simulation that we used to measure the divergence in the experimental data set. After a propagation distance of x ¼ 2.5 mm through the plasma, the solid angle covered by the electrons decreased to 7.2 μsr [ Fig. 2(d) ]. This value is comparable to the 6 μsr measured in the experiment and thus the simulation reproduces the experimental result. However, the simulation strongly depends on the exact bunch parameters, particularly its longitudinal size, which are not directly accessible in the experiment.
While the simulations show that the lensing depends on the bunch parameters, the question arises whether the plasma lens amplifies the shot-to-shot variations significantly. It can be seen in Fig. 4 that the point clouds with and without the plasma lens occupy areas of similar size. Compared to the fluctuations of the laser-wakefield accelerated electron beam, the process of passive plasma lensing is robust with regards to fluctuations of the beam charge and initial divergence. The stability of our final electron beam is thus defined by the accelerator, not the passive plasma lens. While Fig. 3 suggests that further reductions of the beam divergence are anticipated at higher densities in the plasma lens stage, the shallower reduction of the divergence suggest that we might be close to a minimum.
Although the emittance of the beam was not measured in our experiment, the divergence reduction from 2.3 mrad down to 1.4 mrad seems not too far from the emittance limit, due to the short gap between the acceleration and the lensing stages: Assuming a normalized emittance of ϵ N ¼ 2.0 mm mrad, the virtual source (VS) size of the electrons is σ VS r ¼ ϵ N γσ θ ¼ 5.4 μm (Please note that the virtual source size does not correspond to the actual source size inside the plasma wake). Further assuming a vacuum drift of L ¼ 7 mm due to the downramp profile of the gas flowing out of the gas cell, the bunch size at the lens is σ
lens in our experiment would therefore be less than factor 2.3. We note, that a lower initial emittance, such as that reported in one experiment [45] , where the measurement took place inside the plasma, would imply a larger emittance growth. In contrast the estimation above assumes that the electron bunch is perfectly focused on the detector. A residual divergence would imply a smaller emittance growth.
In addition, the experimental value is altered by the fact that the spectrum of the electron beam is broad. From our experimental results, we cannot state at this point what part of the emittance growth is due to nonuniform fields in the lens and which part is caused by the chromatic dependence of the lens. Using these values the bunch density can be estimated n b ≈ 2 × 10 15 =cm 3 assuming a charge of 5 pC. The measurements and simulations are therefore in the overdense regime (n b ≪ n p ) and the electrons are expected to be focused by the magnetic part of the Lorentz force as described in the Introduction. In order to visualize the focusing effect of the passive plasma lens the force fields acting on the bunch are obtained from the 3D simulation. Figure 5 shows the forces acting on a central slice (z ¼ 0) through the bunch. The bunch is moving into þx direction and the color scale indicates the y-component of the Lorentz force F Ly ¼ q e ðE y − cB z Þ. The focusing force in the simulation is indeed caused by the magnetic part of the Lorentz force as expected for focusing in the overdense regime. The strongest focusing fields are present in the tail of the electron bunch, however the center of the bunch still experiences a significant amount of focusing. A detailed analysis of the focusing forces in passive plasma lensing will be the subject of a separate publication. , 1=2 and 1=4 of the maximum bunch density. The electron bunch is moving towards þx direction and experiences a focusing Lorentz force (color scale). Although the strongest fields are present in the tail of the bunch, the first half of it still experiences a significant amount of focusing.
After obtaining the presented divergence data the setup was modified by inserting a magnet before the scintillation screen. This allowed us to resolve the final electron spectrum, while still maintaining divergence information in the other (nondispersive) direction. In the analysis procedure, every single shot data was aligned in the divergence direction before averaging to ensure that the averaged picture is dominated by the divergence of the beam and not its pointing stability. For each position, we were averaging between 40 and 50 shots. The averaged and aligned scintillation screen pictures are shown in Fig. 6 for two different gap lengths with lensing and a reference case without lensing for comparison. The focusing effect is clearly visible in two features: First the reduction in divergence and second the increase in charge density on the scintillation screen. At 8 mm gap length, the electrons around 95 MeV show a reduced divergence compared to the reference shots as well as increased signal intensity on the beam axis (profile at high energies in Fig. 6 ). At 24 mm gap length, the same holds true for the electrons around 40 MeV (profile at low energies in Fig. 6 ). We note, that the spectral data (Figs. 6, 7 and 8 ) and the profile data (Figs. 2, 3 and 4) have been recorded during different parts of the experimental campaign. This might be the reason for a slightly different reduction in divergence, that is shown in the profile data.
In order to investigate the spectral dependence of the passive plasma lensing effect further, the ratios between lens and reference shots for both, divergence reduction and relative intensity are visualized in Fig. 8 lens is visible in the reduction of the electron divergence as well as the increase of electron density on the scintillation screen, otherwise a reduced angular acceptance could cause an apparent lensing effect. As seen in Fig. 8 both measurements are in good agreement: For small gap length (<12 mm) the plasma lens effect is dominant in the high energy part of the spectrum between 80 and 130 MeV. With increasing distance between the accelerator and the lensing stage the focusing effect acts more strongly on the low energy electrons around 70 MeV and below. However, the plasma lens effect is a complicated interaction depending on many parameters such as bunch charge, density, gap length and temporal structure of the bunch.
III. CONCLUSION
In conclusion, we have demonstrated a compact, passive plasma lens in a simple setup using LWFA electrons. The solid angle of the accelerated electron bunch decreases due to the lensing by more than a factor of 2. This is in line with an increase of the fluence of the electron beam, which is often a crucial parameter for experiments and applications. Our experimental data show that the angular reduction due the plasma lens is stable with regards to bunch charge fluctuations from the LWFA accelerator and tunable with respect to electron energy making the passive plasma lens a highly useful and robust device for controlling the divergence of LWFA beams. The measured decrease in divergence is in good agreement with 3D PIC simulations using the experimental parameters. In addition, the repetition rate of the passive plasma lens is not limited to the repetition rate of any external driver due to its passive character. Therefore it is generally suited to focus electron bunches at high repetition rates that will be available soon with the LCLS-II / FACET-II and the European XFEL. Both measurements are in good agreement, since a divergence reduction is followed by an increase in spectral intensity. The data is obtained by an average over 40-50 shots for each gap length using the same data set as in Fig. 6 .
